SIRT1 is a class III histone deacetylase within the sirtuin family of related proteins that is uniquely dependent on NAD + for catalysis. The enzyme has been conserved throughout evolution from yeast to human and is a crucial link between cell metabolism, longevity and stress response. An abundance of data link SIRT1 to cellular metabolic pathways (BOX 1), and it is clear that cellular metabolism is causally linked to health, longevity and diseases such as cancer. Recent data show that there are physiological benefits from the activation of SIRT1 in certain metabolic disorders
1
. However, whether or not modulating the activity of SIRT1 will improve the response of tumours to chemotherapy is unclear and is currently an intense area of research. SIRT1 levels are increased in a number of tumour types, and its functions in controlling cellular senescence and ageing are probably linked to tumour development and the dependence that tumour cells have on SIRT1 overexpression. Moreover, increasing evidence suggests that inhibiting SIRT1 has a direct effect on factors that are involved in the DNA damage response and the growth arrest of tumours in vivo 2 .
In this Perspective we discuss the recent insights into the complex nature of SIRT1 regulation and function. Many questions remain about how SIRT1 affects tumour formation, and this might reflect the fact that the function of SIRT1 depends on the genetic context. In short, it might have differing functions in tumours depending on the genetic alterations that have occurred during tumorigenesis.
Regulators of SIRT1
The diverse roles of SIRT1 deacetylase activity in a number of cellular processes is underscored by its multilayered regulation (FIG. 1) . The transcription, translation and post-translational modification of SIRT1 are regulated by a number of factors. SIRT1 transcription. SIRT1 transcription is under the control of at least two negative feedback loops that keep its induction tightly regulated during cellular stress. The transcription factor E2F1 can induce SIRT1 expression. Indeed, etoposide-mediated DNA damage causes E2F1-dependent induction of SIRT1 expression 3 . E2F1 is known to induce the transcription of several apoptotic genes and can induce apoptosis after DNA damage events through both p53-dependent and p53-independent mechanisms 4 . Importantly, E2F1 is also a substrate of SIRT1 and deacetylation of E2F1 inhibits its activity as a transcriptional activator. Therefore, this SIRT1-E2F1 negative feedback loop might act as a regulatory switch that can determine the apoptotic fate of a cell. As E2F1 is a potent activator of apoptotic genes such as TP53, TP73 and APAF1, transient induction of SIRT1 by E2F1 may be one fail-safe mechanism for preventing apoptosis in response to DNA damage.
As well as being a direct effector of SIRT1 deacetylation, p53 can repress SIRT1 transcription through binding to two response elements within the SIRT1 promoter. Trp53-null mice have increased levels of SIRT1 in some tissue types and several p53-null tumour cell lines show SIRT1 overexpression 5, 6 . SIRT1 and p53 also exist in a regulatory feedback loop: SIRT1-mediated deacetylation of p53 prevents p53-dependent transactivation of CDKN1A (which encodes p21) and BAX after DNA damage, and SIRT1 is capable of deacetylating all major p53 acetylation sites 7 (W.G. and Y. Tam, unpublished data). These direct effects of SIRT1 on p53 transactivation are important for the function of p53 as a transcription factor: the acetylation status of p53 has been shown to be indispensable for its ability to repress cell growth and induce apoptosis 8 . Although p53 acetylation sites may be redundant for its activity as a transcriptional activator of CDKN1A [8] [9] [10] [11] [12] , a mutant lacking all major acetylation sites is transcriptionally inactive in vivo [8] [9] [10] . However, the regulation of p53 is complex, and unacetylated p53 has been shown to be active in the absence of MDM2 and MDM4 -the predominant negative regulators of p53 (ReF. 8) -indicating that p53 acetylation is crucial for blocking the repression imposed by MDM2 and MDM4.
The transcriptional repressor hypermethylated in cancer 1 (HIC1) also negatively regulates SIRT1 transcription. HIC1, C terminal binding protein 1 (CTBP1) and SIRT1 form a co-repressor complex 13 that binds enhancer elements upstream of the SIRT1 promoter and inhibits SIRT1 expression. HIC1 is a tumour suppressor gene: Hic1-heterozygous mice develop a variety of malignant tumours 14 . As cells age, HIC1 levels decrease owing to hypermethylation of its promoter 15 , and loss of HIC1 function promotes tumorigenesis by releasing the repression of SIRT1. In both mouse and human prostate cancer cells, as well o p I n I o n How does SIRT1 affect metabolism, senescence and cancer?
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as Hic -/-mouse embryonic fibroblasts, reduction or ablation of HIC1 is associated with an increase in SIRT1 expression levels 16 , indicating one possible explanation of the increased levels of SIRT1 during tumorigenesis. Increased levels of SIRT1 can deacetylate and inactivate p53, allowing the bypass of p53-mediated apoptosis and the promotion of cell survival after DNA damage events have occurred -a potentially tumorigenic scenario.
SIRT1 translation.
The tumour suppressor HuR (also known as ElAvl1) is an mRNA binding protein that binds the 3′ uTR of SIRT1 mRNA and helps to stabilize the transcript 17 . HuR also shows reduced expression as cells age and undergo cellular senescence, and this correlates with the reduced levels of SIRT1 expression in aged senescent cells (see below). An intriguing signalling link also exists between SIRT1 and HuR during DNA damage. After genotoxic stress occurs, the DNA damage-sensing kinase ataxia telangiectasia mutated (ATM) is activated to initiate a downstream signalling pathway that includes phosphorylation of CHK2. This protein, once activated, can phosphorylate HuR and cause disruption of the stabilization of SIRT1 mRNA by HuR 17 . In this regard, activation of the ATM pathway after a DNA damage event could decrease SIRT1 levels through HuR and promote a p53-mediated apoptotic outcome. Precise regulation of SIRT1 levels, as well as enzymatic activity, may therefore delicately balance the choice of cell cycle arrest or senescence over apoptosis.
Another downstream regulator of SIRT1, the microRNA miR-34a, also binds the 3′ uTR of SIRT1 mRNA 18 . In contrast to HuR, however, miR-34a prevents translation of SIRT1 and so inhibits SIRT1 deacetylase activity. This induces the accumulation of acetylated p53. Intriguingly, miR-34a can also regulate the expression of two p53 target genes -CDKN1A and PUMA (also known as BBC3) -and is itself regulated by p53 in a positive feedback loop, suggesting that miR-34a has a complex function in terms of regulating pathways upstream and downstream of p53.
Protein-protein interactions. Deleted in breast cancer 1 (DBC1, also known as KIAA1967) and active regulator of SIRT1 (ARoS, also known as RPS19BP1) were recently described as direct negative and positive regulators of SIRT1 activity, respectively [19] [20] [21] . Assessment of the levels of p53 acetylation indicates that DBC1 directly inhibits SIRT1 function. Moreover, reduction of DBC1 inhibits p53-mediated apoptosis after induction of double-stranded DNA breaks owing to SIRT1-mediated p53 deacetylation 21 . Although little is known about the normal function of DBC1, its loss in several cancer cell lines and its inhibition of SIRT1 suggest it may have an important role in tumorigenesis.
ARoS can activate SIRT1 and attenuate p53-dependent transcriptional activation. Reduction of ARoS through an antisense expression vector increased cell susceptibility to apoptosis after DNA damage 19 . Both factors represent the first endogenous, direct regulators of SIRT1 function and as such might have important implications in the development of SIRT1-targeted therapeutics (see below).
Necdin was recently described as negatively regulating p53 by potentiating SIRT1-mediated deacetylation of p53 (ReF. 22) . located predominantly in post-mitotic neurons, necdin is a maternally imprinted gene that promotes cell differentiation and survival. Inhibition of p53 acetylation through a necdin-SIRT1-p53 complex prevents p53-mediated apoptosis in response to DNA damage.
overall, expression of SIRT1 is subject to complex regulation, a reflection perhaps of its many functions in cell biology that, when deregulated, can influence the development of a number of pathologies. Its integration into the p53 pathway also indicates that it functions to regulate cell proliferation and growth arrest.
SIRT1 in growth arrest and senescence SIRT1 has an important and direct role in the longevity and cellular senescence of most organisms. There is not yet a causal link between cellular senescence and ageing. However, a correlation exists, as the number of senescent cells increases in mammals as they age 23 . A large part of our understanding of cellular senescence mechanisms stems from both human cell cultures and mice
. Cellular senescence can be divided into two types: replicative senescence, a permanent state of cell growth arrest that occurs after a limited number of cell divisions owing to telomere attrition, and premature senescence, a term used to describe a senescent-like state that can occur from aberrant oncogene expression.
SIRT1 in acute and chronic DNA stress. SIRT1 levels have been shown to decrease in normal human fibroblasts during senescence 17 . In addition, an increase in the acetylation levels of p53 correlates with replicative or oncogene-induced senescence 24 . Aberrant expression of oncogenes such as HRAS induces expression of the
Box 1 | SIRT1 and metabolism
Restricting calorie intake, a reduction of calories by 20-40% known as caloric restriction, can increase lifespan in lower organisms 56 . Cellular ageing can often lead to the development of neoplastic lesions as the result of environmental insults and DNA stress to a cell, and caloric restriction has been shown to reduce tumour development in several cancer mouse models [57] [58] [59] . SIRT1 is induced by caloric restriction and is a crucial factor in the resistance to stress-induced apoptosis that occurs with ageing 6, 60 . SIRT1 imparts deacetylase activity to a number of targets that are involved in metabolism and energy homeostasis. Deacetylation of the transcription co-activator PGC1α (peroxisome proliferator-activated receptor-γ (PPARγ) coactivator 1α) by SIRT1 activates gluconeogenic genes and increases hepatic glucose output during the caloric restriction response 61 . In addition, SIRT1 also deacetylates the liver X receptor and downregulates protein-tyrosine phosphatase 1B (PTP1B), leading to an increase in reverse cholesterol transport and decreased insulin resistance, respectively 62, 63 . SIRT1 promotes insulin expression and secretion in pancreatic β-cells and can stimulate fat mobilization in white adipose tissue through deacetylation of PPARγ [64] [65] [66] . The global cellular impact of SIRT1 on these metabolic pathways is multifaceted. Upregulation of SIRT1 during caloric restriction can lead to improved insulin use, decreased cholesterol absorption and reduced fat storage. In vivo evidence from Sirt1-null mice suggests that SIRT1 is required for the effects seen from caloric restriction. Calorie-restricted Sirt1-null mice are hypermetabolic, have altered liver mitochondrial function and use ingested calories inefficiently 67 . Therefore, SIRT1-dependent physiological changes under caloric restriction result in improved health and may contribute to the observed increase in longevity as well 1 . Systemic increases in SIRT1 expression may be more complex than originally thought, however, as caloric restriction induces a decrease in SIRT1 expression in the liver compared with white adipose tissue and muscle 47 . This may be beneficial for an organism, as reduced liver X receptor deacetylation in the liver will reduce fat synthesis.
tumour suppressors ARF and INK4A and halts cell cycle progression through the p53 and RB signalling pathways, respectively 23 . Although overexpression of SIRT1 can inhibit oncogene-induced senescence as a result of direct deacetylation of p53, removing SIRT1 does not have the opposite effect. Despite Sirt1-null mouse embryonic fibroblasts having hyperacetylated p53, they show increased proliferative capacity at chronic sublethal doses of oxidative stress. Though the mechanisms are unclear, these cells seem to be unable to mount an adequate DNA damage response by upregulating either ARF or p53 under these conditions [25] [26] [27] . Sirt1-null embryos exhibit an impaired DNA damage response and have a deficiency in DNA repair, suggesting that SIRT1 serves an important role in helping a cell recover from DNA damage events 28 . Recent evidence also shows that SIRT1 relocalizes from repetitive DNA sequences to sites of DNA breaks in response to DNA damage to help promote repair 29 . SIRT1 also deacetylates NBS1, a component of the MRN (MRE11-RAD50-NBS1) DNA repair complex, further supporting its function in the DNA damage repair pathway 30 . In mammalian cells, SIRT1 may promote cellular senescence in cells exposed to constant, low-level DNA damage events, such as low-level oxidative stress, as a mechanism for promoting longevity. This is a well-established characteristic attributed to SIRT1 in organisms ranging from yeast to mammals 1 . Therefore, removal of SIRT1 under these conditions would allow for the continuous expression of acetylated, activated p53 and potentially induce premature senescence and early ageing phenotypes. However, there is a balance with regard to cell growth control: prolonging the presence of senescent cells in a neoplastic microenvironment may promote malignant progression of adjacent epithelial cells, as senescent cells are known to secrete factors that stimulate cell growth and transformation 31 . Keeping in mind that the functions of SIRT1 in senescence are complex and still largely undefined, a key unresolved question is whether activation of SIRT1 is beneficial for an organism with regard to ageing and cancer. In the context of senescence and ageing, mammalian cells exhibit antagonistic pleiotropy; that is, cellular senescence can be viewed as beneficial for a young organism to suppress aberrant mutations or combat exposure to oxidative stress, but may be detrimental for an older organism as it promotes phenotypes associated with old age and potentially contributes to tumorigenesis 31 . Not only is senescence a potent mechanism for tumour suppression, but also it can limit cell growth during times of physical or mechanical stress: hepatic stellate cells undergo senescence upon injury as a way of reducing fibrogenic response to acute tissue damage 32 . SIRT1-mediated induction of cellular senescence may therefore provide a fail-safe mechanism to prevent continued growth of cells exposed to non-lethal levels of oxidative stress. The ability of SIRT1 to induce senescence in response to other forms of genotoxic stress remains to be elucidated.
SIRT1 and cancer
The roles and functions of SIRT1 in cancer development have become increasingly complex and are still not well understood. SIRT1 clearly has a repressive effect on the tumour suppressor p53 and other genes involved with the stress response, including Ku70 and members of the forkhead box (FoXo) transcription factor family 33 . Deacetylation of FoXo3 in response to DNA double-stranded breaks increases the ability of this transcription factor to 
Box 2 | Replicative senescence in humans and mice
In human cells, replicative senescence occurs owing to attrition of chromosomes at their telomere ends 68 . During S phase, this shortening is reversed by the enzyme telomerase. Proliferative cells extend their lifespan by combating telomeric shortening through this mechanism, though many human cell types exhibit progressive telomeric shortening with each cell division. It is thought that telomere shortening causes loss of specific DNA structures and binding proteins, a process called uncapping, that eventually triggers cell cycle checkpoint pathways leading to replicative senescence 69 . In mouse embryonic fibroblasts (MEFs), telomeric attrition is not the predominant mechanism for inducing replicative senescence. Instead, these cells undergo a process known as extrinsic senescence, whereby oxidative stress from cell culture conditions cause senescence to occur. MEFs tend to have long telomeres and high levels of telomerase, unlike human cells. Still, the mechanisms by which MEFs and human fibroblasts undergo replicative senescence have similarities. Human fibroblasts can undergo senescence in culture under various O 2 conditions and telomeric shortening is accelerated under oxidative stress conditions 23 . In addition, Terc deficiency in mice enhances telomeric attrition and induces replicative senescence in later cell generations 70 . induce cell cycle arrest and simultaneously reduce FoXo-mediated apoptosis 34, 35 . Deacetylation of FoXo3 by SIRT1 also provides resistance to oxidative stress. SIRT1 therefore seems to alter the transcriptional profile of FoXo-responsive genes by promoting the transcription of cell cycle arrest genes over apoptosisinducing genes. In theory, this would promote cell cycle arrest, allow DNA repair and aid the longevity of the organism 35 . This could also be true for the E2F1-SIRT1 pathway, as discussed earlier. Taken together, these data indicate that SIRT1 has a specific bias towards inducing cell growth arrest after DNA damage events. Its promotion of a DNA repair programme over an apoptotic fate suggests that the physiological role of SIRT1 in mammalian cells is to prevent tumorigenesis and ensure cellular longevity. However, the continuous prevention of apoptosis may aid in the development of neoplastic transformation in cells that are not repairable and that would have otherwise entered an apoptotic fate.
Despite the fact that increased expression of SIRT1 has a clear, negative effect on the tumour suppressors p53 and FoXo by inhibiting their transcriptional functions 7, 13, 34, 35 , several recent publications have indicated that SIRT1 has tumour-suppressive functions in vivo. In the Apc Min mouse model of colon cancer, increased SIRT1 levels as a result of ectopic expression or calorie restriction resulted in reduced cell proliferation and tumour formation 36 . Activation of SIRT1 by resveratrol was also shown to limit cell growth and reduce tumour formation in BRCA1-deficient tumour cells as well as Trp53
+/-mice 28, 37 . Further, Sirt1-null embryos exhibit an altered DNA damage response and increased genomic instability in a Trp53-null background 28 . These reports also showed reduced levels of SIRT1 in several human tumour types. This contrasts with previous data that have shown increased levels of SIRT1 in some tumour types 16, 28, [38] [39] [40] . It is intriguing that SIRT1 does not fit the classical model of a tumour suppressor: deleterious point mutations and gene deletions have not been described in human tumours. In addition, SIRT1 expression in cell culture does not induce cell growth arrest as would be expected of a bone fide tumour suppressor 7, 41 . Moreover, resveratrol also has several cellular targets in addition to SIRT1, and the cell growth effects seen after resveratrol treatment could be attributed to other downstream effects in conjunction with SIRT1 (ReF. 42) . However, recent evidence does support a role for SIRT1 in enabling DNA repair after DNA damage as opposed to inducing apoptosis.
The data described to date suggest that the precise effect of SIRT1 is highly dependent on the genetics of the cell or tumour in question and the presence or absence of p53. In mammalian cells retaining wild-type p53, SIRT1 promotes cellular senescence and limits cell proliferation, particularly in cells exposed to chronic, non-lethal forms of genotoxic stress, as discussed above. However, in cells that have lost p53 or other tumour suppressors that can directly inhibit SIRT1 expression, such as HIC1, repression of SIRT1 is lost. Several tumour cell lines deficient in p53 overexpress SIRT1 and, more importantly, undergo apoptosis after small interfering RNA knockdown of SIRT1 (ReFs 5, 17) . Dependence on SIRT1 overexpression in these tumour cell lines suggests p53-independent functions that are necessary for continued proliferation. Constitutive FoXo deacetylation could help tumour cells to avoid apoptotic pathways and promote their continued longevity. SIRT1 also deacetylates lys16 on histone H4, and loss of acetylation at this site is an important marker for cancer development 43, 44 . overexpression of SIRT1 would maintain histones in a deacetylated state and provide access for transcription factor complexes, enabling continued gene transcription.
SIRT1 also has significant regulatory effects on metabolic pathways within the cell (BOX 1) and, as metabolic homeostasis is an important element of tumorigenesis, it remains possible that SIRT1 is indirectly affecting cell growth and tumour formation through metabolic pathways.
Together, these data suggest that SIRT1 is involved in a complex regulatory network and may have both tissue-and contextspecific functions. The regulatory role of SIRT1 in both tumour suppressor pathways and metabolic pathways suggests that the net effect seen may represent both direct and indirect downstream regulation and is likely to depend on the presence or absence of functional p53.
SIRT1: a chemotherapeutic target?
Intense focus on understanding SIRT1 regulation at the molecular level has led to interest in isolating and developing smallmolecule inhibitors and activators of SIRT1 activity to treat a variety of diseases.
The requirement for NAD + not only links SIRT1 activity with cellular metabolism and energy levels, but also adds a layer of regulatory control to its vast array of functions. Nicotinamide phosphoribosyltransferase (NAMPT) catalyses an increase in cellular NAD + levels in response to stress and was shown to enhance SIRT1 activity and extend replicative lifespan 45 . The cell-specific redox state under various physiological conditions (such as high-fat diet or calorie restriction) also affects the NAD + :NADH ratio, and SIRT1 levels correlate with the redox state of cells 46 . It has also been suggested that measuring the NAD + :NADH ratio is a better indicator of SIRT1 activity in vivo when comparing different cell types 47 . Given the recent data discussed above regarding the potential of SIRT1 to suppress tumour development, activators of SIRT1, such as resveratrol and sirtuin-activating compounds, would be advantageous for treating human tumours with mutated p53 as well as metabolic conditions.
In the treatment of specific tumours that seem to be addicted to SIRT1 overexpression, potent inhibitors would be warranted to block SIRT1 activity and potentially induce apoptosis (FIG. 2) . Nicotinamide is a precursor to the NAD + synthesis pathway and blocks SIRT1 function by sequestering a key intermediate 48 .
As this compound is present in most mammalian cells, it acts as a physiological inhibitor of SIRT1 and has been shown to block replicative senescence of primary cells 49 . Small-molecule inhibitors of SIRT1, such as sirtinol, splitomycin, suramin and dihydrocoumarin, either act non-specifically or have molecular characteristics that are unfavourable for drug development. other SIRT1-inhibiting compounds, including EX-527 and cambinol, show potent increases of p53 activity but require the combination of DNA-damaging agents for their full effect [50] [51] [52] . one family of small-molecular inhibitors recently described, called tenovins, inhibit SIRT1 function at single-digit micromolar concentrations and prevent tumour growth in vivo in a p53-dependent manner as single agents 53 . Tenovin 6 is an attractive drug development candidate for tumour cells overexpressing SIRT1, as it potently inhibits SIRT1 at low concentrations in vivo and has favourable chemical properties for small-molecule drug design.
Chemotherapeutic inhibition of SIRT1 in tumours overexpressing the protein may also be advantageous when used in combination with other compounds that target the p53 pathway. Small-molecule inhibitors of MDM2 cause activation of p53 and exhibit significant growth suppression in several tumour cell lines 54 . As acetylation of p53 also inhibits the p53-MDM2 interaction, an inhibitor of SIRT1 such as tenovin 6 would promote p53 activation and further sensitize tumour cells to the MDM2 inhibitor. A double hit on this pathway would push the equilibrium toward acetylated, activated p53 and may induce a DNA damage response sufficient for apoptosis in tumour cells overexpressing SIRT1.
SIRT1 has been proposed as a biomarker for tumorigenesis in humans 55 , so development of potent inhibitors may change the current oncology landscape for treating a wide variety of tumours. However, the recent data implicating SIRT1 as a tumour suppressor indicates that these drugs will need to be pursued with caution. Good biomarkers for tumours that are reliant on SIRT1 for survival need to be established, such that SIRT1 inhibitory drugs are only used in patients who will derive benefit and not harm from these agents.
Future progress
Significant strides have been made in understanding SIRT1 regulation and function in the context of cell metabolism, cellular senescence and cancer over the past 20 years. Nevertheless, the function of SIRT1 in cancer remains complex, with many questions still to be answered. Perhaps most pressing in the light of recent data is understanding how SIRT1 function is influenced during tumour evolution. Why can SIRT1 overexpression be a useful therapeutic target in some tumours and yet have a tumour-suppressive effect in others? It seems likely that SIRT1 overexpression is oncogenic in cells expressing wildtype p53 but has the opposite effect in cells with mutated p53. The correlation between SIRT1 expression and p53 mutation in human tumours needs to be elucidated, especially as p53 is mutated in more than 50% of human tumours, and it remains feasible that activating SIRT1 alone might be sufficient to induce tumour suppression in human cancers with mutated p53. What is also not clear is how important SIRT1 is for induction of growth arrest as a tumour-suppressive mechanism and how easily this can be subverted in tumour cells that have engaged other mechanisms to avoid senescence. Future work will probably refine our understanding of how SIRT1 is regulated during cellular stress and of the mechanism by which cells choose cellular senescence or apoptotic outcomes. SIRT1 is a crucial molecular component of a variety of pathways that are important in human health and longevity and it will certainly remain a focus of therapeutic research for years to come.
